Objective: We have previously demonstrated that ischaemia and reperfusion of the myocardium alter capillary dimensions and endothelial cell shape and that these changes are likely to be effected by the actomyosin contractile system in endothelial cells. Rho GTPases are involved in the regulation of cytoskeletal re-organization and in cell contraction. Rho-associated kinase regulates the 21 sensitivity of myosin light chain to Ca in smooth muscle but not in cardiac or skeletal muscle myocytes. This study investigated the role of Rho-associated kinase in endothelial cell shape change induced by cardiac ischaemia and reperfusion. The role of Rho proteins in endothelial cell shape change in situ in the myocardial capillary bed has to date not been investigated. Methods: Ischaemia and reperfusion were induced in Langendorff perfused rat hearts at constant flow. Electron microscopy and immunofluorescence studies localized the b Rho-associated kinase isotype in capillary endothelial cells. Whole capillary and luminal cross-section areas, luminal and abluminal membrane lengths were measured to monitor changes in cell dimensions. We used a ROCK inhibitor, Y-27632, to investigate the role of this protein in endothelial cell shape change. Results: ROCK1 localized primarily to intracellular membranes in endothelial cells. Morphometric analysis and a study of capillary lumen resin casts demonstrated that inhibition of the activity of this kinase with Y-27632 ablated the change in shape of endothelial cells induced by ischaemia and reperfusion. Conclusion: These results suggest that ROCK1 is involved in cardiac capillary endothelial cell shape change in situ and that targeting the contractile system in this way may be useful in ameliorating reperfusion injury.
relaxation of rabbit aortic rings by altering the shape of lasted 110 min. Four categories of experiment were carried smooth muscle cells [10] . The Rho family of proteins out as follows. plays a significant part in regulating actin cytoskeleton organization [11] . Regulation of smooth muscle contrac-1. Control experiments where hearts were constantly 21 tion occurs via cytoplasmic Ca and myosin regulatory perfused (without Y-27632) for 110 min, then fixed 21 light chain sensitivity to Ca [12] . The latter is regulated (n54). by the activity of smooth muscle myosin phosphatase 2. Control experiments where hearts were constantly which itself is regulated by a Rho-associated kinase, a perfused for 15 min without Y-27632 followed by 26 downstream effector of Rho [12] [13] [14] [15] . The target kinase another 95 min with 10 M Y-27632 solution and then does not influence skeletal or striated myocyte myosin fixed (n56). sensitivity to calcium. Two isoforms of the Rho-associated 3. After the 15-min equilibration period hearts were kinase exist [11] , ROCK1 (ROKb, p160ROCK) and perfused without Y-27632 for 30 min followed by ROCKII (ROKa, Rho-kinase). ROCK1 and Rho-kinase ischaemia for 45 min, reperfusion for 15 min without are necessary for microfilament reorganisation in fibro-Y-27632 and then fixed (n54). blasts and favour stress fibre formation [16] . ROCK1 is 4. The hearts were perfused normally for 15 min with involved in bleb formation [17] a process which also solution without Y-27632 followed by 35 min with occurs in cardiac capillary endothelial cells. Fibroblasts, Y-27632, subjected to ischaemia for 45 min, reperfused smooth muscle and endothelial cells share a common for 15 min with Y-27632 and then fixed (n56). origin (mesenchyme) and under certain conditions embryonic endothelial cells differentiate into smooth muscle 2 .2. Transmission electron microscopy cells [18] . In addition, the actin (10%) and myosin (6.2%) content of endothelial cells is significantly greater than that Tissue samples were processed for electron microscopy for other nonmuscle cells [19] suggesting a contractile role as reported previously [4] . Three blocks from each heart for endothelial cells in vivo. These similarities suggest in were sectioned and from 4 to 7 images of capillary crossturn, a similarity between the contractile apparatus in sections were captured from two non-consecutive sections smooth muscle and endothelial cells in vivo. In the study from each block. we report here, we have employed the same ROCK inhibitor, as used by Uehata et al. [10] to determine 2 .3. Resin casts and scanning electron microscopy whether this kinase was implicated in regulation of the endothelial contractile apparatus and cell shape in cardiac
Resin casting was performed as described previously capillary endothelial cells (CCECs), in situ, in the capillary [4] . These experiments lasted for 110 min with the bed.
exception of hearts used for ischaemic resin casts which were fixed after 95 min. In all experiments, resin was infiltrated into the microvasculature [11] and then pro-2 . Methods cessed for scanning electron microscopy. Four categories of experiments (n54) were carried out. This investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US 1. Control hearts were perfused for 110 min and then National Institutes of Health (NIH publication no. 85-23, fixed. revised 1996).
2. An ischaemic period of 45 min was induced following a 50-min period of normal oxygenated perfusion. The 2 .1. Perfusions ischaemic hearts were then fixed. 3. Ischaemia for 45 min was induced after 50 min of Hearts were excised from freshly killed, by cervical oxygenated perfusion. Hearts were reperfused for a dislocation, male Wistar rats, |250 g in weight. They were further 15 min before being fixed. prepared, perfused and fixed as described in Glyn and 4. The reperfusion experiments described above were Ward [4] . The perfusate was maintained at a flow rate of repeated with Y-27632 in the perfusion buffer. parison with control capillaries (Fig. 1B) . Myocyte structure also was unaffected. Control hearts (oxygenated) 2 .5.
SDS-PAGE and Western blotting
perfused with Y-27632 similarly continued to beat until fixed. SDS-PAGE and Western blotting were performed esTypical morphology of ischaemic / reperfused capillaries sentially as described previously [21] . Molecular weight without Y-27632 is shown in Fig. 1C . Capillary dimenmarkers used were as follows: myosin 204 kDa, b-galactosions were altered considerably; the ratio of the luminal sidase 116 kDa, bovine serum albumin 102 kDa, and cross sectional area to endothelial cell area had decreased. ovalbumin 50 kDa.
In these capillaries, in which endothelial cells had undergone moderate swelling, average luminal diameter de-2 .6. Immunofluorescence assay creased significantly, while capillary diameter changed little. Myocytes showed typical reperfusion damage with To confirm the presence of ROCK1 in endothelial cells, disrupted cristae in swollen mitochondria and irregular immunofluorescence assay was performed on myocardium swollen myofibrils. perfused for 15 min with oxygenated medium. Samples
The prophylactic effect of Y-27632 is demonstrated by were prepared as previously described [21] . The primary Fig. 1D . Capillary and endothelial cell cross-sections antibodies against b actin and Rho-associated kinase 1 retained proportions typical of control capillaries not (ROCK1) [22] were from Sigma-Aldrich and Transducsubjected to ischaemia and then reperfused. In this last set tion Laboratories (R810), respectively. Images were taken of experiments, ischaemic capillaries were reperfused with using a Molecular Dynamics CLSM 2000 confocal micro-Y-27632. Endothelial morphology was similar to that in scope and processed using Adobe Photoshop version 4.01.
control capillaries with dense cytoplasm containing organelles, caveolae and vesicles. The endothelium was of a 2 .7. Immunogold labeling similar thickness to that seen in control endothelium. Myocyte structure was well preserved and was similar to A pre-embedding staining technique derived from the control hearts. The protective effect of Y-27632 on the immunofluorescence assay protocol was used to reduce myocardium was also demonstrated by the vigorous and potential artifactual differences in labeling patterns. This regular contractions of reperfused hearts following 45 min immunogold protocol, described previously [20] , was of ischaemia. identical to that used for immunofluorescence until incubation with the secondary gold tagged antibody.
3 .2. SDS-PAGE and Western blotting 2 .8.
Statistics
The results of SDS-PAGE and Western blotting experiUsing Excel 5 and XLSTAT.PRO version 4.4, a onements are shown in Fig. 2 . They demonstrate specificity of way ANOVA (analysis of variance) with Bonferroni postthe antibody against ROCK1 by detection of a single major hoc tests for unplanned comparisons was carried out using protein in whole cell homogenates of rat myocardium and measurements corrected for obliqueness as described by kidney (positive control). Using the molecular weight Ward and McCarthy [1] . When P values were less than markers as reference, this protein was |160 kd, the 0.05, statistical significance was considered reached.
expected size of ROCK1. Faint smaller molecular weight bands in the Western blots suggest some degradation of the kinase may have occurred.
. Results

.1. Capillary cross-sections .3. Immunofluorescence assay
The typical cross sectional appearance of oxygenated Immunofluorescence assay was carried out using the cardiac capillaries perfused for 110 min without Y-27632 antibody against ROCK1 and, separately, a second antiis depicted in Fig. 1A . The myocardium was well prebody against b actin which preferentially decorated the served. The endothelium was of a relatively uniform width luminal surface of the capillary endothelial cells (Fig. 3A) . and the cytoplasm contained many vesicles and caveolae.
ROCK1 was concentrated in clusters along the capillary The lumen cross sectional area was large compared with luminal border, Fig. 3B and C9. A three-dimensional that of the narrow capillary walls. Hearts continued to beat reconstruction of a capillary probed for ROCK1 is depicted with perfusion pressures ranging from 60 to 75 mmHg in Fig. 3B . In this micrograph the images of six serial until fixed. Another set of experiments demonstrated that sections, each separated by 0.45 mm, have been combined. the addition of Y-27632 to the perfusate did not result in
In some cases clusters were so close together that they appeared contiguous, Fig. 3D and E. These micrographs (D and E) or separately (C). It was impossible to dedemonstrate that nuclear staining was absent or if present, termine, by immunofluorescence, whether the kinase was sparse. Propidium iodide was used to highlight the occurred predominantly in the cytoplasm, or associated endothelial cell nuclei either in a dual fluorescence assay with the endothelial cell membrane. greater in ischaemic / reperfused capillaries with Y-27632 primarily on the luminal membrane as reported previously than without (P,0.05). [20] . Detergent extraction caused strips of the cell membrane to project into the capillary lumen (Fig. 4B) , giving 3 .5.4. Perimeters the appearance of b actin labeling within the capillary Y-27632 did not affect capillary or luminal perimeters, lumen. Labeling of ROCK1 contrasted with that of b actin.
significantly, in well-oxygenated controls. Measurements Immunogold beads were mostly distributed, indiscrimifor controls without Y-27632 were 12.8460.29 and nately, to the luminal and abluminal membranes, Fig. 4C 11.7560.27, respectively (P.0.05). The averages for and D. In typical endothelial cells, intense labeling controls with the drug were similar: 12.3260.32 and occurred adjacent to the luminal side of the nucleus (Fig.  11 .0260.3 (P.0.05). The capillary and luminal perimeters 4C). Although some gold beads were localized to the of ischaemic / reperfused capillaries, 10.0460.38 and cytoplasm between the nucleus and the luminal membrane, 8.360.38 respectively, were significantly different from most labeling in this region occurred on the luminal those of all other groups (P,0.05) including ischaemic / membrane and the nuclear membrane adjacent to the reperfused with Y-27632 (12.4260.37 and 11.4360.36). lumen. Of the two, the luminal membrane was the more heavily decorated. The rest of the cytoplasm contained a smaller fraction of immunogold beads. Most ROCK1 was 3 .6. Resin casts associated with the endothelial cell membrane but not expressed within the nucleus (Fig. 4C) . Pericytes also Differences between well-oxygenated capillaries and demonstrated expression of ROCK1, similarly associated capillaries subjected to ischaemia and reperfusion are mostly with their cell membranes (Fig. 4D) .
shown in typical images of corrosion casts in Fig. 6 . In Fig. 6A , branching capillaries are relatively regular and 3 .5. Morphometry cylindrical, occasionally demonstrating narrowed regions. Capillaries in Fig. 6B were subjected to ischaemia for 45 Results of the morphometry from 20 experiments are min. These were significantly more irregular with a rough, shown in Fig. 5 . angular topography. Unlike well-oxygenated capillaries, these vessels were severely narrowed at points along their 4 . Discussion lengths (arrows). The capillaries depicted in Fig. 6C were reperfused following 45 min of ischaemia after exposure to Changes in cell shape in cardiac capillary endothelial Y-27632 and resembled oxygenated control capillaries.
cells caused by the activity of agents such as bradykinin, Capillaries reperfused following 45 min of ischaemia hydrogen peroxide and thrombin result in increased endounder the same conditions as those in Fig. 6C , but without thelial barrier permeability [23] . The mechanism involves exposure to Y-27632, are shown in Fig. 6D . During resin endothelial cell contraction to form intercellular gaps. The infiltration, many capillaries were ruptured (arrows) by the role of the actomyosin contractile system in maintaining reperfusion pressure which was significantly greater than vascular permeability has been documented [7] and is that of perfusion without any ischaemic insult. Capillaries inferred by the effect of microfilament poisons on endosuccessfully infiltrated with resin, however, cast with thelial barrier function [24] . We propose that the microfilacharacteristics reminiscent of well-oxygenated capillaries: ment system employed in permeability regulation is also regular topography and cylindrical shape (arrow heads).
involved in changes in endothelial cell shape [1]. In cardiac capillary endothelial cells, ischaemia alone and by inhibiting myosin phosphatase [13] . Y-27632 inhibits reperfusion induce changes in cell shape. We have shown ROCK1 activity [10] resulting in dephosphorylation of 21 that the microfilament system is reorganised during these myosin regulatory light chain [14] . For any given Ca changes and that they are sensitive to agents which target concentration this favours relaxation of myofilaments. actin [4, 20] . In this report we show that change induced by reperfusion may also be prevented by targeting the myosin 4 .1. Period of ischaemia component of the contractile system using an agent specific for a regulator of the contractile process. This
Although variation in the condition of endothelial cells 21 regulator, ROCK1, controls the Ca sensitivity of myosin subjected to ischaemia is considerable, damage sustained by most cardiac endothelial cells during 30 min of to detect the kinase by Western blotting and immunoischaemia followed by reperfusion is reversible. If the fluorescence assay [22] . Similarly, we have shown that the period of ischaemia is increased to 60 min, damage is not antibody detected ROCK1 and used it in immunofluoresreversed during reperfusion [1]. For morphometric obcence and immunogold labeling assays. Although previous servations, therefore, we chose an ischaemic period of 45 studies have suggested a role for ROCK in the regulation min to generate endothelial cells which could be retrieved of permeability in pulmonary vasculature [25, 26] , this is from their damaged state as well as irreversibly damaged the first direct identification of this kinase in cardiac cells. For immunofluorescence and immunogold labeling capillary endothelial cells in situ. ROCK activity has been studies, we used hearts perfused for 15 min with oxyreported in smooth muscle, fibroblasts and cultured endogenated medium.
thelial cells [10, 22, 27] and might be expected in endothelial cells in situ since all three cell types share a common 4 .2. Immunofluorescence assay origin and embryonic endothelial cells differentiate into smooth muscle cells in some conditions [18] . Our The antibody against ROCK1 has been used previously immunofluorescence assays suggested that ROCK1 was primarily localized to or closely associated with the tion of ROCK1 with the cell membrane suggested by luminal membrane and to a lesser degree with the ablumiimmunofluorescence assays. nal membrane. This is consistent with a previous report of membrane-associated ROCK1 activity [28] in resting 4 .3. Immunogold labeling assays platelets. Taggart et al. [27] demonstrated a similar association of ROCKII to the periphery of stimulated smooth
Immunogold labeling studies confirmed that ROCK1 muscle cells close to the cell membrane. Using immunoactivity was associated with the luminal membrane but fluorescence assays, they were unable to determine showed that cytoplasm was also implicated. The distribuwhether ROCKII was bound to the cell membrane or only tion of this kinase contrasted with that of b actin which associated with it. Rho, which binds ROCKII, demonwas concentrated along the luminal membrane and was strates activity only when it is bound to cell membrane intimately associated with it. Labeling with the antibody [27, 28] . We used immunogold labeling with the antibody against ROCK1 suggested that ROCK1 activity was against ROCK1 to examine, in greater detail, the associalocalized to at least three compartments in oxygenated endothelial cells. Gold beads decorated the luminal memperfusion resulted in narrowing of capillary lumina and brane most densely adjacent to the nucleus but the zones of no reflow, which in turn prevented infiltration of abluminal membrane was also decorated and some labeling many capillaries with resin. Without the endothelial cell occurred in the cytoplasm. This kinase was, however, swelling which accompanies reperfusion [1], ischaemic detected at the periphery of the nucleus suggesting an capillaries were infiltrated more easily with resin and the association with the nuclear membrane. Cytoplasmic rupturing of capillaries observed in reperfused microvas-ROCK1 activity was the greatest between the nucleus and culature did not occur. the luminal membrane. No activity was detected in Morphometric observations confirmed previous findings myofibrils. ROCK1 was also localized to cell membranes [1] , that during ischaemia, the significant total capillary and to the cytoplasm of pericytes. In smooth muscle cells diameter decrease is the result of a decrease in luminal induced to change shape, Taggart et al. [27] demonstrated diameter; the cross-sectional area of endothelial cells translocation of ROCKII from the cytoplasm to the cell remains the same. This mechanism differs from that periphery, suggesting cell membrane association. In a reported in skeletal muscle where capillary dimensions are constant environment, adequately oxygenated Langendetermined by local transmural pressure [31] . Lee et al. dorff-perfused cardiac endothelial cells do not change demonstrated that average endothelial cell thickness and shape significantly [1, 29] . Conditions employed in our cell volume decreased with an increase in transcapillary experiments, however, were not identical to those in vivo pressure suggesting that a 'passive recoil' mechanism and may have been sufficiently different to induce some induced cell shape change. Folding of the luminal memactivation. Alternatively, relaxed endothelial cells may brane into vesicles and fusion of vesicle and luminal express some membrane-associated ROCK1 activity as do membranes accommodated the fluctuations in exposed resting platelets [28] .
luminal membrane area, required by changes in endothelial Essler et al. [29] have reported that ROCK plays a cell shape. In this way total luminal membrane area was significant role in permeability regulation. A moderate maintained. change in cell shape is required to regulate inter-endotheliIn the present study, the cytoplasm of well-oxygenated al cell gaps. There is, possibly, a similar redistribution of CCECs contained numerous vesicles, some of which are ROCK1 during activation of the endothelial cell microfilaattached to the luminal membrane. We were unable to find ment contractile apparatus. This is consistent with the evidence of the type of vesicular membrane folding membrane association of other Rho proteins; Rho, which described by Lee et al. [31] in CCECs. We conclude that binds ROCKII, is active only when bound to cell memthis is an inherent difference between skeletal capillary brane [27, 28] . We are currently investigating whether endothelial cells and those in the cardiac microvasculature. ROCK1 distribution is altered during ischaemia and reThis may be a consequence of the differences between the perfusion. Under these conditions, endothelial cells change two types of myocytes [32, 33] due to energy requirements shape resulting in changes in capillary morphometry and of sustained mechanical activity of the myocardium. The endothelial permeability. ROCK1 activity near or associcardiac microvasculature also differs in pericyte distribuated with the nuclear membrane may, however, be related tion. In muscle, pericytes regulate blood flow by capillary to other functions, for example transcription [30] . Alterconstriction [32, 33] and endothelial cells are not reported natively, the localization of ROCK1 near the nucleus may to regulate blood flow by active 'self-contraction'. In the be involved in maintaining the three-dimensional positioncardiac microvasculature, however, pericyte coverage is ing of the endothelial cell nucleus. In cultured fibroblasts only 11% while pericytes cover |30% of capillaries in there are two distinct sets of stress fibres; a peripheral set other tissue types [19] . In addition, the association between and a set positioned more centrally within the cell [16] .
pericytes and endothelial cells in cardiac microvasculature The latter is more sensitive to Rho kinase activity than that is considerably less elaborate than in other tissues such as of myosin light chain kinase. This may be related to our skeletal muscle [32] where secondary pericyte processes finding of ROCK1 activity close to the nuclear membrane.
are intimately associated with endothelial cells [33] . Secondary pericyte processes do not occur in the cardiac 4 .4. Morphometry and resin casts microvasculature. Consequently, pericyte contraction in the cardiac microvasculature is vestigial [32, 33] , implying that The morphometric study did not include ischaemia the role attributed to skeletal muscle pericytes is fulfilled without reperfusion because these experiments have been by an alternative mechanism. We suggest that CCECs reported previously [1, 20, 21] . Morphometric measurechange shape, via an active mechanism involving ROCK1, ments of oxygenated capillary dimensions were unaffected to compensate for the reduced presence and contractile by Y-27632. Resin cast experiments with Y-27632 under potential of pericytes. This is supported by the observation normoxic conditions were therefore considered unnecesthat in hypoxic capillaries, the luminal perimeter and sary. Resin casts confirmed earlier reports [1] that the cross-sectional area decrease against an increase in perfushape of the capillary lumen changes during ischaemia and sion pressure, induced by the hypoxic conditions [29] . In reperfusion. Swelling of the endothelial cells during rethese conditions the passive recoil mechanism observed by Lee et al. [31] in skeletal muscle capillaries would induce severely damaged microvasculature and myocardium, an increase in luminal perimeter and cross-sectional area.
since inhibiting the contractile mechanism in CCECs can The opposite occurs in cardiac capillaries and we conclude significantly reduce this damage. Targeting the Rho-regthat, in CCECs, the passive recoil mechanism does not ulated actomyosin contractile system in the cardiac miplay a significant part in cell shape change.
crovasculature is therefore a useful strategy to prevent or In the present study, without Y-27632, luminal perimeter ameliorate 'no reflow' and reperfusion injury. decreased markedly in the ischaemic / reperfused capillaries in comparison with control capillaries. The precise mechanism causing this reduction in luminal perimeter is unclear.
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